
UD-CCM  l 1 July 2003

2D DISTRIBUTED SENSING VIA TDR

A. Dominauskas
D. Heider, J. W. Gillespie, Jr. 



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
26 AUG 2004 

2. REPORT TYPE 
N/A 

3. DATES COVERED 
  -   

4. TITLE AND SUBTITLE 
2D Distributed Sensing VIA TDR 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
University of Delaware Center for Composite Materials Newark, DE 
19716 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release, distribution unlimited 

13. SUPPLEMENTARY NOTES 
See also ADM001700, Advanced Materials Intelligent Processing Center: Phase IV., The original document
contains color images. 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

UU 

18. NUMBER
OF PAGES 

21 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



1 Jul 2003© 2003 University of Delaware All rights reserved

Relevance

Sensors are needed for processing QA/QC and for health 
monitoring:

ü Flow front detection,
ü Cure behavior,
ü Defect detection,
ü Process strain,
ü Service related strain.

In the last decade various research has been conducted in 
this field developing flow, cure and strain monitoring sensor 
systems. 
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Advantages of TDR Sensors

Comparing with other sensor types ( DC resistance, AC Dielectric, Optic fiber, 
Ultrasonic and other) TDR sensors have the following advantages:

üLow cost,
üTool-mounted and embedded configurations,
üHigh accuracy (3mm),
üMultifunctional sensing,
§Resin flow behavior,
§Cure,
§In-service strain response,

üDistributed 2D sensing.

TDR sensors completely fulfill the requirements 
for next generation sensors! 
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TDR Method for Sensing TL 
Discontinuities

Time domain reflectometry (TDR) is a method of sending high rise (35ps) voltage 
step-pulse into transmission line (TL), and detecting reflections returning from 
impedance discontinuities within the TL. 
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Schematic representation of operating 
principle of  TDR Sensor for distributed and 
multifunctional sensing.

üAny dielectric and/or geometrical 
discontinuities in the TL change the 
characteristic impedance, and 
introduces a voltage reflection at a 
particular time and magnitude.
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Hardware and Software

üHP54750A (18GHz bandwidth) 
oscilloscope

üGPIB interface. 

ü DAQ software written in LabVIEW. 

üDeveloped Multi-section TL-sensor 
modeling software. 

Various TDR sensors
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Previous Accomplishments

Comparison of TDR and CCD data
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üAccurate (3mm)1D flow sensing üAccurate cure sensing of epoxies 

üSensing of several flow frontsüSensing through intermediate layers
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New Work

Developed multi-section TDR sensor model, which accounts for 
frequency dependant and multi-relaxation dielectric properties. 
This models will allow:

ü 2D Flow sensing;
ü Accurate sensing of multiple flow fronts;
ü Cure characterization of various resins.
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Vision: Non-contact 2D sensing

ü VARTM setup constructed within TL 
can be sensed by its EM field: 2D flow, 
curing and process strain. 

Z*
L

#1V*
S(t)

ZS

x0=0 x1

l1 li

xi-1 xi

ln

xn-1 xn
x

#i #n

Z*
in(x0) Z*

in(xn-1 )

ε*i

ε*1 ε*n

I*(xi)

V*(xi)

Z*
in(xi)

TDR 
source

Preform under 
infusion

Sensing field

Conductive Tool

Removable 
conductor

Conductor holder

ü2D Flow reconstruction is using 
combined (effective) dielectric 
behavior of several materials.

üIt affects the TDR response and can 
be modeled as a non-uniform TL with 
multiple uniform sections.

Z1                Z2      Z3      Z4              Z5

Non-impregnated
Partially 

Impregnated Impregnated



1 Jul 2003© 2003 University of Delaware All rights reserved

( )
( )

( )

( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
f

tstvtrfSfVfR

fSfVfR

ts
tv

tr

00

0

0

,,

=

in which, and are  FFTs of and     

is frequency in Hz.

Model  I

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2.5 5 7.5 10 12.5 15 17.5 20

Time [ns]

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t

v0(t)

r(t)

If 

is response function,

input signal, 

and system function 

then frequency dependent response 
can be obtained [Press et al.,1986]:

( )tv0
can be obtained by measuring system response without the sensor or can be 
modeled:

( )
( )

0

0

0 ,
2

11

ttt

tt
t

erf
tv

r

r








−+

=

where, is time, rise time  and signal position.



1 Jul 2003© 2003 University of Delaware All rights reserved

Model  II

can be described with so-called scatter function [Heimovaara, 1994]:( )fS

with
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Model  III

The losses due to dielectric dielectric relaxation and direct current conductivity 
are given by:

( )
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where, is complex propagation constant,
is  TL section       length and 

is EM velocity in vacuum (300 mm/ns)

kγ
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Calculation procedure:

1. All scatter functions are calculated from the section        
towards the source;

2. FFT of input signal is calculated;

3. Inverse FFT of the product of and            is calculated in 
order to obtain .
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Experimental Setup

ü Multi-section TL program have been 
developed based on scatter function and
Debeye relaxation models.

ü Setup has 
replaceable vinyl ester 
glass fiber (VEGF) 
composite blocks to 
simulate resin profile   

Goal:

ü Prove 2D measurement concept;

ü Establish measurement algorithms;

ü Model comparison.

TDR 
source

Al plate

VEGF CompositeSensor

Experimental Setup

Air

279 mm 61 78

VARTM 
profile: slope

RTM profile: rectangle

22
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VEGF Composite Dielectric Properties

TDR to Uniform Fillings: Air and VEGC

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 1 2 3 4 5 6 7 8

Time [ns]

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t

Modeled: air
Measured: air
Modeled: VEGC
Measured: VEGC

ü With this setup we determined 
Debeye parameters for VEGF 
Composite:

εS = 2.9, ε∞ = 2.0, 

Fr = 2.5 GHz, σst = 0

VEGF rectangle (2)
Connector

(1)

Configuration 1
EM wave speed:

Ve = 183.9 mm/ns,

Va = 300.0 mm/ns.

1           2      
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Model Validation “RTM Flow” 

TDR Response to 139 mm VEGC Discontinuity

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2.5 5 7.5 10 12.5 15 17.5 20

Time [ns]

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t

Exitation Step
Modeled WF
Measured WF

ü139 mm VEGF discontinuity 
shows clear change in TDR 
waveforms (WF).

üModel fits the measured WF 
well showing attenuating 
successive reflections.

üMinor mismatches are related
with connector effects on WF 
scattering.
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TDR Waveform Distortions “RTM Flow” 

TDR Waveforms Effected by Step Discontinuity
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F Measured TDR WF have finite 
rise and fall times;

F Fall times and rise times 
introduces errors in calculation of 
locations.

WF “softening” is a function of:

F excitation step rise time (47ps);

F dielectric loss;

F and relaxation frequency. 

F Only the physical model of TL 
can generate zero loss and zero 
rise time WF’s. 

F Superposition of such WF’s to 
the measured WF’s determines 
exact discontinuity location.
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TDR Response to the “VARTM Profile” 

TDR Waveforms Effected by 2D Discontinuity
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F Dielectric parameters ε1 , ε2 , ε3 have 
been back calculated from the 
measured TDR-WF using a model.

F The model with 6 TL sections was in 
good agreement with the 
experimental validations of the VEGF 
block which has  20° slope (0.36).

F Based on measurements only it is 
difficult  to calculate slope location 
exactly because of high fall time.      

1               2            3 4 5    6

Air ε1     ε2     ε3 VARTM Profile
20°

1TL    2TL     3TL  4TL  5TL       6TL

Configuration 3

Debeye Parameters vs Thickness

0

0.5

1

1.5

2

2.5

3

3.5

0 5 10 15 20 25
Averanged Thickness [mm]

S
ta

tic
 a

nd
 H

ig
h 

F
re

qu
en

cy
 

D
ie

le
ct

ric
 C

on
st

an
ts

Static

High frequency



1 Jul 2003© 2003 University of Delaware All rights reserved

Discontinuity Comparison

F Different discontinuities result 
in changing rise time .

F Response to 0.36 slope is 
almost linear.

F It emulates real slope.

F Model based zero loss WF 
can be used to accurately 
determine the beginning of 
the discontinuity:

Ls = 300 x Tl /2

TDR Response to Step and 0.36 Slope Discontinuity
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2D Calculation Algorithm 

TDR Waveforms Effected by Step Discontinuity
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TDR Waveforms Effected by 0.36 Slope Discontinuity
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1. Empirical or model-based values of
Ftm and ε1 as a function of Fta , 
material, geometry, and others must 
bee determined. 

Empirical method can be a very 
complicated and time consuming 
process!

2. Based on input parameters of actual 
WF, algorithm determines whether is 
step or slope like 2D discontinuity:

If Fta ≈ Ft0  ⇒ step 

If Fta > Ft0 ⇒ slope
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Algorithm and Validation

3. Based on value of Ftm 10% level 
data points will be shifted towards 
zero loss WF.

4. 10% level data points will be 
multiplied by averaged “slope” 
speed   Vs = 231.3mm/ns and 
divided by two:

( ) 3
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üMeasured and model predicted slope fit 
actual slope very well showing accuracy 
of  3 mm. üAgreement of all three types of data 

proves 2D TDR measurement concept.
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2D Flow Measurement During VARTM 

Through Thickness Flow Measured with TDR (every 6 s)
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TDR Response During 2D Flow Measurement (every 3s)
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320 mm

F Good sensor response 
14 mV;

F Sensor conductor was 
3 mm above the 
preform;

F Results are similar to 
the validation results;

F In general 2D flow 
sensing concept 
based on TDR is 
validated. 
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Conclusions and Future Work

Ø TDR allows measurement of linear and through-thickness 
dielectric distribution:

Ø Modeled and measured waveforms emulate the shape of 
2D discontinuity;

Ø Measurement accuracy of ± 3 mm can be achieved;
Ø Simple TDR algorithms can be applied for on-line 

intelligent composite processing.

Ø Integrated tool embedded TDR sensor in VEGF mold  

Ø Future Work:
F Further development of 2D sensing capability;
F Development of TDR sensors for conductive fiber 

composites;
F Investigate cure sensing of different resin systems.


